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Movements in the FungiFungi possess robust cell walls and do not engulf prey cells by phagotrophy.
As a consequence they are thought to be relatively immune from the invasion
of foreign genes. Nonetheless, a growing body of evidence suggests gene
transfer has amended the metabolic networks of many fungal species.Thomas A. Richards
Horizontal gene transfer (HGT) involves
transmission of genetic material
between organisms [1,2]. This pattern
of inheritance contrasts with the typical
transmission of genetic material from
parent to offspring. HGT is usually
detected using phylogenetic trees to
identify gene ancestries that contradict
established species’ phylogenies by
placing one species, or group of
species, within a clade of unrelated
species [2]. Such analyses have
demonstrated that HGT has occurred
at a very high frequency among
prokaryotes [1], especially among
genes classified in the ‘operational’
category (e.g., genes of intermediary or
secondary metabolism). By
comparison, ‘informational genes’
(genes involved in transcription,
translation and replication) appear to
undergo a much lower frequency of
transfer [3]. HGT is thought to occur at
a lower frequency in eukaryotes
because several cellular
characteristics act as partial barriers to
the incorporation of foreign genetic
material (e.g., the membrane-bound
nucleus, segregation of reproductive
and somatic cell lines in multicellular
organisms, and differential intron
processing) [2]. Nonetheless, a new
study by Slot and Rokas [4] reported in
a recent issue of Current Biology
highlights the potential for transfer of
large clusters of genes between
distantly related fungi.
Fungi are extremely successful
eukaryotic microbes, especially in
terrestrial environments where theyconstitute the principal recyclers of
biomass and establish important
commensal and pathogenic
interactions with both plants and
animals [5]. Biological innovations that
underpin this success include
possession of a robust chitin-rich cell
wall and an osmotrophic feeding habit
(secretion of enzymes to break down
complex polymers in the extracellular
environment followed by uptake of
metabolic subunits). These cellular
adaptations are linked: the chitin wall
reinforces the fungal cell and enables it
to resist substantial osmotic pressures
produced during osmotrophic feeding
and growth of fungal hyphae in diverse
and heterogeneous environments.
These adaptations drive the high
metabolic rate, fast growth, and
ecological success of the Fungi [6].
However, as a consequence of this
lifestyle, fungi have lost the ability to
perform phagocytosis and therefore
cannot engulf and digest prey cells like
many other eukaryotes. This is a key
factor when we consider biological
processes that may underlie HGT,
because phagotrophy has been
suggested to be amajor source of gene
transfer into eukaryotes [7]. In support
of the ‘you are what you eat’
hypothesis, phylogenomic analysis of
unicellular eukaryotes that feed by
phagotrophy has demonstrated that
these microbes have obtained genes
from their prey, thereby establishing
phagotrophy as a route for HGT into
eukaryotic genomes [8,9]. Conversely,
these observations suggest that key
adaptive strategies and cellular
characteristics of fungi constituteadditional barriers to HGT. Does this
mean that HGT has played an
insignificant role in the evolutionary
diversification of the Fungi?
A growing body of data suggests this
is not the case, with several studies
identifying the transfer of individual or
small clusters of genes into fungal
genomes (e.g., [10–18]). The recent
studyby Slot andRokas [4] goes further
still by demonstrating that HGT can
move large clusters of genes between
fungi, providing radical additions to the
metabolic network of the recipient. Slot
and Rokas identified the HGT of a 23-
gene cluster from the Aspergillus
lineage to Podospora. These two
groups are distantly related members
of the Pezizomycotina, a subphylum
within theAscomycota [5,19], (Figure 1).
The23-genecluster includesgenes that
putatively encode the entire
sterigmatocystin synthesis pathway,
a toxic and mutagenic compound and
a precursor of aflatoxins. Gene-by-
gene phylogenetic analysis
demonstrated all 23 Podospora genes
branched with genes from Aspergillus.
Taking into account differential gene
loss, these phylogenetic results are in
direct contradiction to the species
phylogeny [19], (Figure 1) and are
consistent with HGT between these
fungi. Furthermore, the ‘‘remarkable
microsynteny and sequence
conservation’’ [4] of the gene cluster
shared by both the Aspergillus and
Podospora provides additional
evidence to support the HGT
hypothesis. These data change our
perception of how HGT operates in
fungi by demonstrating that HGT can
convey large chunks of genome that
encode entire metabolic pathways
between distantly related fungi in
a single event.
Although HGT is thought to occur at
a comparatively low frequency in the
Fungi, these new data support two
hypotheses relating to gene transfer
and fungal genome evolution. Fungal
genes encoding intermediary and
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Figure 1. Fungal-derived horizontal gene transfer into the Ascomycota.
The underlying species tree is derived from the phylogenetic analysis reported by Fitzpatrick
et al. [19]. Examples of horizontal gene transfer (HGT) between fungi, supported with phyloge-
netic analysis and which match up to the taxon sampling in this tree, are illustrated using
coloured arrows [4,12–16] (see legend for source publications with the colour corresponding
to the publication; other examples involving taxa not included in Fitzpatrick et al. [19] are
not included). For comparison, the number of currently identified prokaryote-derived HGTs
are listed in parenthesis next to the species name [11,18].
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R167secondary metabolic pathways tend to
be located in gene clusters. Therefore,
as gene clustering of functionally linked
genes can theoretically favour HGT
because clustering leads to co-transfer
of linked functions [20], HGT may lead
to propagation of gene clusters in fungi
[12]. The data presented by Slot and
Rokas [4] are consistent with this
hypothesis. Secondly, fungi form
intimate ecological and cellular
associations with many different
species in nature, either as symbionts
or pathogens, providing opportunity for
gene transfer. Again, the data
presented by Slot and Rokas [4] are
consistent with this hypothesis
because both Podospora and
Aspergillus have overlapping niches
and often occupy the same
saprophytic environments.
The search for HGT in the Fungi
proceeds at pace, with recent studiesdemonstrating that fungi have acquired
genes by HGT from prokaryotes
(e.g., [11,18]) and have even undergone
a small number of HGTs with plants
following millions of years of close
ecological association [10]. Yet
interestingly, theexamples identifiedby
Slot and Rokas [4] add to an increasing
list of gene transfers between fungi
[4,12–17], (Figure 1). The inventory of
HGTs identified represents a relatively
small fraction of any of the fungal
genomes studied. Consequently, the
scale of transfer is unlikely to prevent
the accurate resolution of a fungal
phylogeny, as some have suggested
to be the case for the prokaryote
phylogeny [1], but will provide an
interesting source of future research as
investigators compare trait evolution
with the fungal species phylogeny.
Numerous additional questions
emerge from this body of work. Forexample, does HGT in fungi follow the
same pattern as for prokaryotes, i.e.,
with HGT mainly affecting operational
genes, while informational genes
remain relatively untouched [3]? By
what mechanism does HGT occur in
fungi? Does the absence of
phagotrophy mean that HGT
predominately arises from second-
party cells that form intimate ecological
and cellular associations with fungi
(i.e., other fungi)? Is HGT between fungi
a more prevalent phenomenon than
prokaryote-to-fungi HGT? Tackling
these questions will help us to
understand how traits have evolved in
the fungi and will also help us to better
appreciate relative barriers to gene
transfer in natural environments.
Nonetheless, it is now clear HGT can
convey large gene clusters encoding
enzymes with linked metabolic
functions between fungi.
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a New Face of an Old FriendA recent study now shows that opsin catalyzes rapid movement of
phospholipids from one leaflet of a membrane bilayer to the other. This
capability illuminates a mechanism for this physiologically important process.Patrick Williamson
Left to their own devices,
phospholipids do not readily exchange
between the two leaflets of a
membrane bilayer. But, over the past
several decades, we have learned that
phospholipids are often not left to their
own devices — cells have the capacity
to catalyze transbilayer phospholipid
exchange. This catalysis takes two
forms: ATP-dependent, unidirectional
transport of specific phospholipids
against a concentration gradient; and
energy-independent bidirectional
exchange of various lipids between
the two leaflets of the bilayers. Both
activities are often described as being
catalyzed by ‘flippases’, but for
purposes of clarity, these two
activities will be described here as
being catalyzed by ‘translocases’
and ‘scramblases’, respectively.
Characterization of phospholipid
transport at the molecular level has
been more successful for the
translocases than the scramblases.
ATP-dependent transport of
phospholipids is catalyzed by a family
of P-type ATPases that is found only
in eukaryotes and that acts in
heterodimers with smaller proteins
from the CDC50 family [1]. This
transport generates phospholipid
asymmetry, i.e., bilayers with different
kinds of lipids in the two leaflets; lipid
asymmetry is a characteristic of
eukaryote plasma membranes, and
probably internal membranes as well,
since several P4 ATPases areintracellular enzymes that function in
membrane trafficking pathways [1].
Scramblases, i.e., energy-
independent catalysts of transbilayer
phospholipid movement, have been
more resistant to biochemical
characterization. Scramblase activity
is observed in two physiologically
important situations. One is the
dissipation of the asymmetric lipid
distribution created by translocase
action at the plasmamembrane [2]. This
activity has been studied quite
extensivelybecauseof its involvement in
blood clot formation by platelets, and in
the recognitionand removalof apoptotic
cells. In both cases, a critical aspect of
the process is the cell-surface exposure
of phosphatidylserine (PS), which is
normally sequestered in the internal
leaflet of the plasma membrane by
translocase activity. Scramblase activity
is bidirectional, relatively non-specific
for phospholipid type, and closely
regulated by platelet cytoplasmic Ca2+
or by early steps in the apoptotic
pathway [3]. Attempts to identify the
relevant proteins in this case have been
worse than unsuccessful — potential
scramblase proteins have been
identified and named in the databases
[4] and then shown to be irrelevant for
phospholipid scrambling [5].
The other physiological role of
phospholipid scrambling is in the
endoplasmic reticulum (ER) [6], where
lipids synthesized in the cytoplasmic
leaflet must be redistributed to both
leaflets to maintain the equal areas
essential for bilayer stability. A veryactive scramblase in the ER catalyzes
the necessary redistribution. In
previous work, Menon and coworkers
[7] have developed biochemical
methods, and in particular
reconstitution methods, to study lipid
scramblases in the ER. To date,
these methods have not identified the
protein(s) responsible for the ER
scramblase activity, but their
application in a recent paper published
in Current Biology by Menon et al. [8] in
a different system has finally put
a molecular face, albeit an unexpected
one, to the process of catalyzed
transbilayer phospholipid movement.
The system studied byMenon et al. [8]
was introduced almost two decades ago
by Wu and Hubbell [9], who studied the
distribution of phospholipids in rod outer
segment disk membranes using
spin-labeled phospholipids as probes.
Their results suggested that
phospholipids can equilibrate readily
between the innerandouter leafletsof the
disk membrane. Moreover, they tested
whether rhodopsin reconstituted into
phospholipid vesicles could catalyze
transbilayer lipid movement. They
observed that phospholipid analogues
added to the outside of such vesicles
remained accessible to external
reagents, even in the cold, while probes
reconstituted into both leaflets were
partially inaccessible from the outside.
Given these results, they concluded that
rhodopsin could not catalyze lipid
movement, and therefore that the
molecule responsible for this movement
was not known. And so the subject lay
dormant, with the exception of
confirmationof thebasicobservationsby
Herrmann’sgroupseveralyears later [10].
The key to the breakthrough by
Menon et al. [8] was the recognition
that these seemingly straightforward
experiments were not straightforward
at all. From their experience with ER
preparations, they knew that
